Drosophila retinal patterning requires the expression of Atonal (Ato) through coordinated 23 regulation of 5' and 3' enhancer modules. ato-3' directs initial expression of Ato which then 24 directs autoregulation via 5'-ato. Notch (N) signaling also regulates 5'-ato, first enhancing Ato 25 expression and later repressing Ato by inducing E(spl) bHLHs. N signaling balances these 26 opposing functions by directing its obligate nuclear transcription factor, Suppressor of Hairless 27 (Su(H)), only in repressing 5'-ato. In this study, we reveal a novel and more nuanced role for 28 Su(H) in its regulation of 5'-ato. During retinal patterning, Su(H) is required for the expression 29 Anterior open (Aop), which, in turn, promotes 5'-ato activity. We demonstrate that Aop is 30 induced early in retinal patterning via N pathway activity, wherein Aop is required cell-31 autonomously for robust Ato expression during photoreceptor specification. In aop mutants, 32 expression from both ato enhancers is perturbed, suggesting that Aop promotes the Ato 33 autoregulation through maintenance of ato-3' activity. Clonal analysis indicates that Aop 34 indirectly opposes E(spl)-mediated repression of Ato. In the absence of both Aop and E(spl), 35 Ato expression is restored and the founding ommatidial photoreceptors, R8s, are specified. 36 These findings suggest that N signaling, through a potentially conserved relationship with Aop, 37 imposes a delay on ato repression, thus permitting autoregulation and retinogenesis. 38 3 39 Author Summary:
IGs normally form. Importantly, the boundary between WT and mutant cells indicates that Aop 143 cell-autonomously regulates IG maturation, as Ato remains unaffected in WT border cells while 144 such expression is reduced in neighboring mutants (Fig. 2B , yellow arrow). Mitotic clones of 145 aop yan1 , a mutant that elicits less severe adult phenotypes than those of aop 1 , were similarly 146 assayed ( Fig. 2E ). In aop yan1 , Ato was weaker and accompanied by patterning deficiencies that 147 were similar, though much less severe, to those of aop 1 . 148 149 aop clones do not affect the timing of Ci processing or Dpp expression.
150
Next, we assessed whether the Ato patterning defects in aop mutants are attributable to 151 misregulation of the morphogenic pathways Hedgehog (Hh) and Decapentaplegic (Dpp; Fig. 3 ).
152
In WT, Hh is secreted from differentiating photoreceptors and drives anterior progression of the 153 MF (Ma et al., 1993) . Cells of the MF respond to Hh through the accumulation of the active 154 transcription factor, Cubitus interruptus (Ci ACT ; Fig. 3A ; Motzny and Holmgren, 1995) . Once the 8 155 MF passes, Ci ACT is abruptly lost from differentiating photoreceptors (Fig. 3A) . In aop cells,
156
Ci ACT accumulates ahead of the MF as is WT and is abruptly lost with the passage of the MF, 157 suggesting that Hh signal response is largely unperturbed (Fig. 3B, arrows) .
158
The morphogen Dpp is also employed in eye development. Hh stimulates the secretion 159 of Dpp from WT cells of the MF (Heberlein et al., 1993) . Thus, Dpp expression can be used as 160 an assessment of the normality of the gene expression program within the MF. Using the dpp-161 lacZ reporter, which reports from a dorsoventral band of cells that approximately comprise the 162 MF ( Fig. 3C ; Blackman et al., 1991) , we confirm that loss of aop has negligible effect on dpp 163 report ( Fig. 3D, 
169
aop mutants generally fail to differentiate into R8s (Rogge et al., 1995; Olson et al., 170 2011), as evidenced by Senseless (Sens), an R8 differentiation marker that, in the retina, is 171 preceded and directed by the expression of Ato (Fig. 2D; Frankfort et al., 2001) . In WT, Sens 172 initiates in small clusters within IGs and, along with Ato, are resolved to individuated R8s. We 173 have now shown that IG formation exhibits cell-autonomous dependence on Aop (Fig. 2) . Thus,
174
we assessed the coexpression of Aop and Ato. Aop is first observed in the MF at the same 175 approximate time as Ato (Fig. 4 ). Ato and Aop both progress through staged expression 
182
We next assessed Aop's role within the context of MF-related N signaling. Ato elicits N 183 signaling, and subsequently drives Su(H)-responsive genes, thus we probed Aop expression in 184 ato, N and Su(H) backgrounds (Fig. 5; Baonza and Freeman, 2001) . Aop is expressed in ato 185 mutants ( Fig. 5A ) but its expression is delayed, similar to expression of E(spl) in proneural 186 mutants (Lim et al., 2008) . Additionally, in ato mutants, Aop immunostain is observed with less 187 intensity as in WT (Fig. 5A ). In N mutants, however, Aop fails to express in either the MF or the 188 posterior eye disc ( Fig. 5B ). Similarly, Su(H) mutants lack Aop labeling throughout the eye disc 189 ( Fig. 5C ). In addition to the cell-autonomous absence from the MF in Su(H) mutants ( 
195
Past reports indicate that Aop regulates Arm, which accumulates more quickly in the 196 adherens junctions of aop mutants than in WT tissue (Fig. 6; Olson et al., 2011) . Olson et al.
197
proposed that the Arm enhancement was disruptive to neurogenesis through putative 198 enhancement of Wg signaling. However, we find that Arm accumulation coincides with neural 10 207
We further dissected Aop regulation of Ato through use of ato-3' and 5'-ato enhancer 208 reporters (Fig. 7; Sun et al., 1998) . Enhancer activity was assessed in the aop 1 /aop yan1 209 background in which adults display aberrant ommatidial patterning (Rogge et al., 1995) .
210
Despite adult pattern defects, Ato is observed within the MF of transheterozygous animals, but 211 at low levels and lacking consistent IG formation. Regardless of the observed Ato defect, R8s 212 consistently form and are labeled by Sens ( Fig. 7B ,D). In WT, 5'-ato initiates report in IGs and 213 can be observed throughout the posterior of the eye disc ( Fig. 7A ). In aop flies, 5'-ato report 214 initiates where IGs should normally form, but only at low levels that lack discernable clusters 215 ( Fig. 7B ). WT ato-3' reports strongly within the MF and resultant immunostain tapers toward the 216 posterior eye disc ( Fig. 7C ). In aop flies, ato-3' can be detected in the MF, but at greatly muted 217 levels (Fig. 7D ). The antennal expression of either enhancer reporter was unaffected in 218 aop 1 /aop yan1 animals (not shown).
220
Aop does not repress E(spl).
221
Having established that Aop is required for IG formation, we next assessed whether Aop 
271
This study is the first to have explored Aop in the context of proneural gene regulation.
272
Analysis of aop clones reveals a distinct Ato phenotype that has not yet been documented: 
284
In light of the stage-specific aop phenotype, we reasoned that there might be an 285 enhancer-specific effect on ato. Unsurprisingly, 5'-ato report was highly aberrant in aop mutant 286 eyes. ato-3' was also affected such that although the enhancer report initiated appropriately, it 287 failed to build to the same high levels detected in WT eyes. Given that Aop colocalizes with Ato 288 during early stage-2 (when Ato is solely derived from ato-3') and that ato-3' fails to strongly 289 report from aop mutants, it is plausible that Aop exerts its neuroprotective effect toward ato-3' 
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Stage-2 is a critical inflection point in Ato patterning. At this time, Ato successfully 297 switches from strict ato-3' dependence to primary dependence upon 5'-ato (Fig 10) . As 298 discussed previously, stage-2 is best considered as divided into discrete sub-stages. Early Thus, data support a mechanism of Ato regulation in which Aop and E(spl) respectively 311 regulate ato-3' and 5'-ato in parallel (Fig. 10B ). In the absence of MAPK activity, Aop maintains 312 a protective function toward the 3' enhancer. However, in the presence of active MAPK, Aop 313 would be relieved of this duty. In support of this mechanism, in situ hybridization against ato-3' 314 reveals that the 3' enhancer is restricted into clusters that resemble early stage-2 IGs prior to 315 loss of enhancer activity (Sun et al. 1988 ). Consistent with this, loss of both E(spl) and Aop 316 leads to chaotic upregulation of Ato and pan-R8 neurogenesis, similar to that observed in 317 E(spl)-only mutants.
318
Thus, Aop represents a potential node of crosstalk between the N and EGFR-MAPK 319 signaling pathways. Though disputed, several reports indicate that EGFR signaling is required 320 for the proper individuation of R8s from IGs (Baonza et al., 2001; Lesokhin et al., 1999; Lim and 321 Choi, 2004; Chen and Chien, 1999) . Early EGFR activation, through either mutant or transgenic 322 means, elicits severe Ato defects (Lesokhin et al., 1999; Chen and Chien, 1999) . Additionally,
323
hypermorphic Egfr alleles are sensitive to reduced aop dosage, with such mutants featuring 324 both Ato and eye defects (Rogge et al., 1995) . In IGs, MAPK activation is dependent upon Ato 325 and Da (Chen and Chien, 1999; Lim and Choi, 2004) . This hints at a global mechanism of Ato 326 regulation where repression of ato is primed but delayed due to the expression of a secondary 327 factor, Aop. Aop is itself sensitive to EGFR-MAPK (Rebay and Rubin, 1995; Rogge et al., 328 1995) . Thus, under this speculative mechanism, EGFR-MAPK would be required during R8 329 individuation to complement N signaling and permit simultaneous repression of both ato 330 enhancers during Ato's stage-3.
331
To clarify, Aop's involvement in IG formation and R8 selection suggests that EGFR-
332
MAPK is likely integrated into R8 selection through regulation of ato-3'. To maintain ato-3' 333 activity during early stage-2, Aop must likely repress one or more genes that antagonize Ato.
334
However, native Aop function would be impaired during stage-3 given by the activation of MAPK Ato expression, and 2) induced in or near the MF by MAPK signaling such as the 337 homeorepressors Rough (Ro) and Bar (Dominguez et al., 1998; Lim and Choi, 2003) .
338
The mechanism described herein bears homology to the signal-regulated events that 339 coordinate human hematopoiesis. ETV6, the human ortholog of Aop, is expressed in multiple 
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The role for ETV6 within T-cell specification is consistent with our proposed model for (Fig. 2) . Insets focus on large dual mutant clone, note sporadic though prevalent Ato and broad
